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Abstract
Certain monoclonal antibodies (mAbs) to type II collagen (CII)
induce arthritis in vivo after passive transfer and have adverse
effects on chondrocyte cultures and inhibit self assembly of
collagen fibrils in vitro. We have examined whether such mAbs
have detrimental effects on pre-existing cartilage. Bovine
cartilage explants were cultured over 21 days in the presence of
two arthritogenic mAbs to CII (CIIC1 or M2139), a non-
arthritogenic mAb to CII (CIIF4) or a control mAb (GAD6).
Penetration of cartilage by mAb was determined by
immunofluorescence on frozen sections and correlated with
changes to the extracellular matrix and chondrocytes by
morphometric analysis of sections stained with toluidine blue.
The effects of mAbs on matrix components were examined by
Fourier transform infrared microspectroscopy (FTIRM). A
possible role of Fc-binding was investigated using F(ab)2 from
CIIC1. All three mAbs to CII penetrated the cartilage explants
and CIIC1 and M2139, but not CIIF4, had adverse effects that
included proteoglycan loss correlating with mAb penetration,
the later development in cultures of an abnormal superficial
cellular layer, and an increased proportion of empty chondrons.
FTIRM showed depletion and denaturation of CII at the explant
surface in the presence of CIIC1 or M2139, which paralleled
proteoglycan loss. The effects of F(ab)2 were greater than those
of intact CIIC1. Our results indicate that mAbs to CII can
adversely affect preformed cartilage, and that the specific
epitope on CII recognised by the mAb determines both
arthritogenicity in vivo and adverse effects in vitro. We conclude
that antibodies to CII can have pathogenic effects that are
independent of inflammatory mediators or Fc-binding.
Introduction
An experimental model of the human autoimmune disease
rheumatoid arthritis (RA) is provided by collagen-induced
arthritis (CIA), which is induced in animals after immunisation
with type II collagen (CII) [1,2], a major component of articular
cartilage. The ensuing autoimmune response includes the for-
mation of antibodies to CII that, on transfer to naïve mice,
induce acute and destructive arthritis [3,4]. Antibodies to CII
are present in the sera and synovial fluid of patients with RA
[5-7] and epitopes include those targeted by arthritogenic
antibodies from mice with CIA [8]. Debate continues, how-
ever, on whether autoantibodies to CII in RA are actual contrib-
utors to the pathogenesis, or merely reflect a reaction to
cartilage degradation. Although antibody-induced CIA can be
transferred by combinations of mAbs [4,9], and also by certain
single mAbs [4,10], not all mAbs to CII are arthritogenic, and
arthritogenicity appears to be epitope specific [8]. We postu-
late that there are certain species of anti-CII autoantibodies
that do cause cartilage damage by binding specifically to crit-
ical structural regions on collagen fibrils that are sites of inter-
action between CII and matrix components or chondrocytes.
Favouring this, arthritogenic mAbs to CII both inhibit collagen
fibrillogenesis in vitro [11] and adversely affect the cartilage
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matrix and chondrocyte morphology in chondrocyte cultures
[12,13]. On the other hand, cartilage is an avascular tissue in
which there is minimal collagen synthesis in adults [14]; more-
over, antibodies penetrate cartilage so poorly [15] that they
may not be capable of disrupting a pre-existing cartilage
matrix.
Accordingly, we examined the effects of different mouse mAbs
to CII on cultured cartilage explants and found that these not
only did penetrate and react with CII, but also had disruptive
effects on a pre-established cartilage matrix. To help identify
changes in the cartilage matrix we used Fourier transform
infrared microspectroscopy (FTIRM), a technique by which
microscopic analysis is performed within the infrared (IR)
region of the spectrum. IR microspectroscopy has been pos-
sible ever since the introduction of interferometers using Fou-
rier transformation some 30 years ago increased the sensitivity
of IR spectroscopy by orders of magnitude. The spatial resolu-
tion of these instruments was limited to approximately 40 µm,
however, because the aperture of the microscope masked the
IR beam and essentially rejected a large proportion of the IR
radiation. Additionally, the time involved in gathering spectra
over a large area was prohibitive. With the introduction in the
late 1990s of focal plane array detectors, consisting of large
numbers of individual small detectors, both of these limitations
were overcome and multiple IR spectra over large areas can
now be taken close to the diffraction limit (10 µm at 1000 cm-
1) [16]. With the instrument used in our studies, 4096 spectra
of a sample area 34 µm2 can be recorded simultaneously
within seconds. Samples need to be thin (<10 µm) to allow
the IR beam to penetrate the whole section. Here we have
used the technique of absorption/reflection by mounting thin
sections of tissue on slides coated with a thin layer of silver
and tin oxide that reflects IR light but transmits visible light.
Accordingly, the reflected beam passes twice through the
sample, producing an array of IR spectra, and the visible light
transparency allows correlation of each IR spectrum with a
particular small area on the sample. At IR wavelengths, the
spectra obtained are derived from vibrations within particular
chemical bonds and provide information on the chemical com-
position of the tissue without need for specialized histochem-
ical staining. According to the method of analysis used,
images can be derived that represent the spectrum at a partic-
ular small region of the tissue, or chemical maps that represent
the relative concentration of a particular analyte in different
areas of the tissue. FTIRM is applicable to both paraffin-
embedded tissue and cryosections, and thus can be com-
bined with standard histological techniques. FTIRM has been
previously applied to studies of cartilage and the spectra of
collagens and proteoglycans are well defined [17-21].
Materials and methods
Monoclonal antibodies
CIIC1 [22] and M2139 [23] are arthritogenic mAbs that bind
to well defined conformational epitopes on the CB11 and
CB10 fragments of CII, respectively [8,10], and CIIF4 [22] is
a nonarthritogenic mAb that binds to a conformational epitope
on the CB9 fragment [8]. CIIC1 and M2139 either individually,
or in combination, induce cartilage destruction after passive
transfer [4]. GAD6 was a control mAb that binds to an irrele-
vant antigen glutamic acid decarboxylase [24]. CIIC1, CIIF4
and GAD6 are IgG2a, and M2139 is IgG2b. The mAbs CIIC1,
M2139 and CIIF4 were derived from hybridomas derived from
CII immunized mice and GAD6 was obtained from the Devel-
opmental Studies Hybridoma Bank maintained by the Univer-
sity of Iowa (Department of Biological Science, Iowa City, IA,
USA). Hybridomas were cultured in miniPERM bioreactors
(Heraeus Instruments, Hanau, Germany) in DMEM containing
10% (v/v) FCS (Trace Biosciences, Noble Park, Australia), 50
IU/ml penicillin and 50 mg/ml streptomycin as described pre-
viously [12]. The mAb quality was assessed using SDS-PAGE
with 10% gels under reducing conditions, and the concentra-
tion of the mAbs was determined by densitometry against a
sample of known concentration.
F(ab)2 preparation
F(ab)2 was prepared from CIIC1 dialyzed against 0.2 M ace-
tate buffer, pH 3.5, and digested with porcine pepsin at 37°C
for 12 h. The digestion was terminated by dialyzing against
PBS, pH 7.4, overnight, and the digest was passed through a
protein A column to remove undigested mAb or Fc. The quality
of the digestion and the concentration of F(ab)2 was deter-
mined by SDS-PAGE.
Cultured bovine cartilage explants
Cartilage shavings from adult bovine metacarpal phalangeal
joints were sliced into approximately 1 × 5 mm pieces; 50 mg
of cartilage was used for each sample. The pieces were cul-
tured at 37°C in the presence of 5% CO2 in 2 ml of DMEM
containing 20% (v/v) heat-inactivated FCS containing 25 µg/
ml ascorbic acid. The medium was changed every two days
and fresh ascorbic acid and mAb were added at each change.
Cartilage explants were cultured with mAbs (50 µg/ml) or
medium alone for periods up to 21 days. To determine
whether the effects were the result of Fc binding of the mAbs
to chondrocytes, the explants were cultured with 100 µg/ml of
F(ab)2 from CIIC1, an equivalent amount of intact CIIC1, or
medium alone for 7 or 14 days.
Immunofluorescence to detect antibody penetration
After 14 days in culture, cartilage explants were collected and
snap frozen in OCT compound (Tissue-Tek, Sakura Finetech-
nical Co. Ltd, Tokyo, Japan) using dry ice and isopentane.
Serial cryosections (5 µm) were stained with 0.1% toluidine
blue in 30% ethanol, which stains the nuclei of the chondro-
cytes and the proteoglycans within the matrix to examine mor-
phology, or treated by immunofluorescence to detect antibody
penetration. For immunofluorescence, the sections were
treated with 50 µl of type III hyaluronidase (Sigma, St. Louis,
MO, USA) at 20 mg/ml in PBS for 30 minutes at roomAvailable online http://arthritis-research.com/content/7/5/R927
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temperature, washed with PBS and incubated with sheep anti-
mouse globulin conjugated with fluorescein isothiocyanate
(FITC) (Silenus, Hawthorn, Australia) diluted 1:150 in carbon-
ate buffer pH 8.6 containing 1% w/v BSA for 30 minutes at
room temperature. To detect penetration of F(ab)2, the sec-
tions were incubated with a goat antibody to mouse F(ab)2
(ICN Biomedicals Inc., Aurora, OH, USA) diluted 1:2000 in
PBS with 1% w/v BSA for 1 h, followed by incubation with rab-
bit anti-goat Ig, conjugated with Alexa 488 (Molecular Probes,
Eugene, OR, USA) diluted 1:400 in carbonate buffer, pH 8.6,
with 1% w/v BSA. The slides were then mounted with 90% v/
v glycerol in PBS and observed microscopically.
Histomorphometry
On selected days, cartilage explants were fixed in 4% parafor-
maldehyde, embedded in paraffin, and 5 µm sections were cut
and stained with either toluidine blue or haemotoxylin and
eosin. Histomorphometry was performed on MCID software
(M4 3.0 Rev 1.1; Imaging Research Inc., St Catherines,
Ontario, Canada). Images were captured at 200 × magnifica-
tion from three to five separate pieces of tissue for each cul-
ture. At each timepoint, the mean loss of toluidine blue stain,
mean chondron size, number of cells per mm2 and the percent-
age of empty chondrons was determined. To determine the
loss of toluidine blue staining from the section, the auto-select
tool was used to designate and create a line at the point that
the loss of staining ended; using the two-point straight-line
measurement tool, the distance of loss was measured from the
edge of the tissue, excluding any superficial layering, through
to the line created by the auto-select tool. The measurement
was performed six times on each image captured. MCID soft-
ware was likewise used to measure the penetration of mAbs in
the frozen sections. For chondron size, individual chondrons
were manually outlined using the MCID software, which then
calculated chondron area. An average of 24 chondrons (range
± 13) that contained cells (usually only one cell per chondron)
were counted from each image, and empty chondrons were
counted separately to calculate the percentage of empty
chondrons. The number of cells per mm2 was calculated by
counting the number of cells within an area measured by the
MCID software.
Preparation of purified type II collagen and crude extract 
of proteoglycan for analysis by FTIRM
Bovine cartilage was treated with 4 M guanidine-HCl (Sigma).
The resultant crude proteoglycan mixture, which contained
predominantly aggrecan, was dialysed extensively against dis-
tilled water to remove guanidine-HCl and freeze dried. CII was
prepared from the extracted cartilage by pepsin digestion and
differential salt precipitation as previously described [7]. Ultra
pure high molecular weight hyaluronan was provided by Garry
Brownlee (Department of Biochemistry and Molecular Biol-
ogy, Monash University, Clayton, Victoria, Australia).
Measurement of changes in the composition of the 
matrix by Fourier transform infrared microspectroscopy
For the present study, 5 µm sections of paraffin embedded tis-
sue taken at day 14 were placed onto MirrIR low-e microscope
slides (Kevley Technologies, Chesterland,  OH, USA), and
adjacent sections were collected for staining with toluidine
blue. Sections were dewaxed and allowed to air dry. To exam-
ine the spectra of CII, a crude proteoglycan extract and
hyaluronan, 20 µl of each component was allowed to dry in air
on a MirrIR microscope slide. FTIRM images were recorded
with a 'Stingray' Digilab FTS 7000 series spectrometer (Digi-
lab, Varian, Mulgrave, Victoria, Australia) coupled to a UMA
600 microscope equipped with a 64 × 64 focal plane array
detector.
For each spectrum, 16 scans were co-added at a resolution of
6 cm-1. The spectra were preprocessed using purpose-built
software compiled using Matlab (The Mathworks Inc., Natick,
MA, USA) [25]. This processing entailed a linear base line cor-
rection and vector normalization. This data matrix was then
exported into Cytospec Software for Infrared Spectral Imaging
(Cytospec, Inc, http://www.cytospec.com/, Berlin, Germany)
and a 'quality test' was performed to remove spectra with poor
signal-to-noise ratios and spectra containing obvious artifacts.
Chemical maps were generated from the integrated intensities
of specific functional groups identified in the spectra. Using
the same software, 10 spectra from the antibody-exposed
exterior of the explant, and from the interior of the explant, were
extracted from the chemical maps. The mean spectrum for
each was calculated to assess the effects of antibody
penetration.
In the present study, we examined peaks characteristic of col-
lagen and proteoglycans. An FTIRM spectrum of proteogly-
cans demonstrates peaks within the region of 1175-960 cm-1
derived from carbohydrate moieties, and at 1241 cm-1 derived
from sulphate of the sulphated glycosaminoglycan side-chains
[17,18]. The collagen spectrum shows a characteristic triplet
of peaks at 1203, 1234 and 1280 cm-1  but this region
includes the peak at 1240–1245 cm-1 characteristic of sul-
phates [17,18]. Accordingly, we examined the amide 1 peak
that represents total protein, as a measure of the collagen con-
tent; the amide 1 peak for native collagen occurs at about
1666 cm-1, with a shift to a lower wave number (cm-1) on dena-
turation [21] or after collagenase treatment [26]. In the present
study, these spectral shifts were confirmed using purified pep-
sin-digested CII prepared from bovine nasal cartilage [7],
before and after heat denaturation at 50°C, and using
explanted bovine cartilage treated with collagenase for 20
minutes before fixation and processing as described above.
Statistical analysis
Statistical analyses were performed using Statistica for Win-
dows, Version 4.5 (Statsoft Inc., Tulsa, OK, USA). ANOVA
was performed to determine whether there were significantArthritis Research & Therapy    Vol 7 No 5    Crombie et al.
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differences between groups, and Student's t-test, or the non-
parametric Mann Whitney U-test, were used to compare indi-
vidual differences. P < 0.05 was considered significant.
Results
Immunofluorescence to detect antibody penetration
Each of the mAbs to CII, whether arthritogenic (CIIC1 and
M2139) or not (CIIF4), penetrated the extracellular matrix dur-
ing culture and remained bound to the tissue, as demonstrated
by the areas of fluorescence around the edge of the explant, in
contrast to the control mAb GAD6 (Fig. 1a–d). The distance
(mean ± SD) of penetration at the surface of the cartilage was
48 ± 8 µm for CII-F4, 33 ± 8 µm for CIIC1 and 86 ± 8 µm for
M2.139. The F(ab)2 of CIIC1 completely penetrated the tissue.
Morphology of cartilage explants
As seen by light microscopy and toluidine blue staining,
explants cultured in medium alone, or in the presence of either
GAD6 or CIIF4, remained healthy even up to 21 days in cul-
ture (Fig. 2a), and stained strongly with toluidine blue. In con-
trast, the two arthritogenic mAbs, CIIC1 and M2139, caused
profound changes in the explant structure, progressively over
time. Both mAbs, and particularly M2139, had effects on the
matrix. These included loss of toluidine blue staining from the
surface of the tissue and, after 14 days in culture, development
of a layer of cells on the surface of the explant (Fig. 2b, c).
Chondrocytes developed changes resembling hypertrophy
and there was a measurable increase in the proportion of
empty chondrons. Notably, the non-arthritogenic mAb CIIF4
induced none of these changes.
To quantify changes in the explant structure, the loss of prote-
oglycans and percentages of empty chondrons were analyzed
using culture samples collected at days 3, 7, 10, 14, 17 and
21. There were no significant differences by ANOVA in any of
the measurements made between explants cultured individu-
ally with GAD6, CIIF4 or no antibody. For explants cultured
with CIIC1, and particularly M2139, however, there was a sig-
nificant increase in the loss of toluidine blue staining from the
surface of the tissue over the period of culture that was not
seen in the control groups. The controls, exemplified by CIIF4,
a loss of staining similar to that for CIIC1 at day 4, but thereaf-
ter there was clear evidence of recovery (Fig. 3a). CIIC1, and
particularly M2139, exhibited an increase in percentage of
empty chondrons with increasing time in culture (Fig. 3b).
There were no significant differences between either of the
arthritogenic mAbs, CIIF4 or other controls in the number of
cells per mm2, or in the size of the cells.
Figure 1
Immunofluorescence showing the penetration of the three anti-CII antibodies Immunofluorescence showing the penetration of the three anti-CII antibodies: (a) CIIF4, (b) CIIC1 and (c) M2139. The area of colour indicates anti-
body binding. (d) The control mAb (GAD6) shows no binding to the cartilage.
Figure 2
A toluidine blue stained sections of cartilage A toluidine blue stained sections of cartilage. (a) Cartilage cultured for 7 days shows an evenly stained matrix with typical rounded chondrocytes. 
Sections of cartilage incubated for (b) 7 days and (c) 14 days with M2139 show abnormal matrix morphology with the loss of toluidine blue, the 
development of a cellular layer at the surface and the development of hypertrophic chondrocytes.Available online http://arthritis-research.com/content/7/5/R927
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Effect of F(ab)2 from CIIC1 on cartilage explants
To determine whether the changes observed were the result
of direct antibody binding, or whether they resulted from bind-
ing of antibody complexes with Fc receptors on the surface of
chondrocytes, the effects of the F(ab)2 fragment of CIIC1 were
compared with those of intact CIIC1 after 7 or 14 days in cul-
ture. As seen by immunofluorescence, the F(ab)2 was able to
penetrate a greater distance into the tissue than intact CIIC1
(data not shown), and the F(ab)2 caused greater disruption of
architecture. Also there was greater loss of toluidine blue
staining than for CIIC1.
Fourier transform infrared spectra of cartilage 
components
The IR spectrum of a pure chemical is derived from vibrations
within particular chemical bonds, and thus can provide a
unique fingerprint for that chemical. In the case of complex bio-
logical systems, the spectrum derived is a composite of the
individual spectra of the components of that tissue, and analy-
sis of chemical changes depends on knowledge of the spectra
of individual components. To validate the use of FTIRM in the
present study, the spectra of the major cartilage components,
CII, proteoglycan and hyaluronan were examined (Fig. 4a);
each component had its own unique spectrum, establishing
the ability of FTIRM to distinguish between these components.
A combination of the spectra according to proportions that
would represent those in articular cartilage, 55% collagen,
40% proteoglycan and 5% hyaluronan, generated a compos-
ite spectrum that resembled that of normal articular cartilage
(Fig. 4b).
Figure 3
Differences in the loss of proteoglycan and chondrocyte between cul- tures incubated with different mABs Differences in the loss of proteoglycan and chondrocyte between cul-
tures incubated with different mABs. (a) Loss of toluidine blue staining 
between cultures incubated with CIIF4 (white) and cultures incubated 
with CIIC1 (light grey) and M2139 (dark grey) over the course of 21 
days. (b) The number of empty chondrons expressed as a percentage 
of the total number of chondrons, indicating the loss of chondrocyte 
from the extracellular matrix. The columns represent the mean of each 
measurement and error bars indicate 1 standard deviation. The asterix 
represents p < 0.05.
Figure 4
FTIRM spectra of the major cartilage components CII, proteoglycan and  hyaluronan FTIRM spectra of the major cartilage components CII, proteoglycan and 
hyaluronan. (a) Typical spectra for CII, crude proteoglycan extract and 
hyaluronan. (b) An artificial spectrum that resembles normal articular 
cartilage generated by combining appropriate proportional amounts of 
the spectra of CII (55%), crude proteoglycan extract (40%) and 
hyaluronan (5%). The amide 1 peak from 1600–1700 cm-1 represents 
the total protein content, the triplet of peaks from 1200–1300 cm-1 are 
characteristic of the spectrum of collagen, and the peaks in the region 
960–1175 cm-1 result from sugars in the proteoglycans and 
hyaluronan.Arthritis Research & Therapy    Vol 7 No 5    Crombie et al.
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Chemical changes in cartilage matrix detected by Fourier 
transform infrared microspectroscopy
The loss of proteoglycans observed from toluidine blue
stained sections was confirmed by FTIRM. Information on pro-
teoglycan distribution in the explants was generated by creat-
ing a chemical map made by integrating the area under the
peaks in the 1175-960 cm-1 region. Comparisons were made
between serial sections of cartilage cultured in the presence
of the control GAD6 (Fig. 5), stained with toluidine blue to
show the distribution of proteoglycans (Fig. 5a), or processed
by FTIRM (Fig. 5b), in which the regions with the highest con-
centration of proteoglycans are shown as red, and the lowest
concentrations are shown as blue. In the section processed by
FTIRM, the distribution of proteoglycans across the section
was relatively even, with minimal loss of proteoglycans from
the surface of the explant. This was confirmed by comparing
mean spectra from the surface and middle of the section (Fig.
5c), although there was a slight reduction in proteoglycans at
the edge of the section as shown by a reduction in the peak
absorbance from the sugars (at 1072 cm-1) and a reduction in
a peak at 1241 cm-1 that is representative of the sulphate in
the chondroitin and keratan sulphates of proteoglycans (Table
1). The distribution of proteoglycans and the spectra obtained
for GAD6 were characteristic of those obtained for cartilage
cultured without antibody.
In contrast, there were marked differences in the distribution
of proteoglycans across the tissue for explants cultured with
each of the mAb to CII. The mean spectra taken at the surface
of the section as well as those from the middle also differed
(Figs 6a–f and 7a–c; Table 1). The concentration of proteogly-
cans from the middle of the tissue, beyond the penetration of
the mAb, did not differ from the controls, as judged by the
height of the peaks at 1175-960 cm-1, and peaks at 1203,
1234 and 1280 cm-1; therefore, spectra (n = 10) from the inte-
rior of the cartilage treated with the four mAbs were combined
(Table 1). There was, however, a reduction in the concentra-
tion of proteoglycans at the surface of the tissue based on the
decrease in the peak at 1072 cm-1, and a corresponding
decrease in the sulphate peak at 1241 cm-1 that was much
greater for CIIC1 and M2139 than for CIIF4 (Table 1). In addi-
tion, at the surface of the tissue in each of the explants treated
with the mAbs to CII, but not with GAD6, there was a
decrease in absorbance and a spectral shift in amide 1, from
a peak at 1666 cm-1 to below 1660 cm-1 (Table 1). These
results are consistent with the spectral shifts in the amide 1
peak, obtained after heat denaturation of purified CII (from
1666 to 1652 cm-1) and with surface changes observed after
treatment of cartilage with collagenase (from 1668 to 1653
cm-1)
The F(ab)2 treated cartilage showed a uniform and substantial
loss of proteoglycan across the toluidine blue-stained tissue
(Fig. 7d, e); this was confirmed by the mean spectra from the
surface and from the middle of the section (Fig. 7f). There was
almost complete loss of the proteoglycan peak between
1175-960 cm-1, a marked reduction in the sulphate peak at
1241 cm-1, and the peaks at 1203, 1234 and 1280 cm-1, and
a striking decrease and spectral shift to 1644 cm-1 in the
amide 1 peak, indicative of denaturation and loss of CII from
the matrix, across the whole tissue (Table 1).
Figure 5
Distribution of proteoglycans in the cultured explants Distribution of proteoglycans in the cultured explants. (a) Toluidine blue stained sections cultured for 14 days with GAD6. (b) Chemical map derived 
using FTIRM showing the proteoglycan region (960–1175 cm-1). The chemical maps show the distribution and relative concentrations of proteogly-
cans; the least concentrated areas are shown as blue and the most concentrated areas that are shown as red. (c) The spectra shown are the mean 
of 10 measurements taken from either the central areas (red line) or near the surface of the tissue (blue line). The error bars represent 1 standard 
deviation at those points in the spectra. The amide 1 region, which represents the total protein content of the tissue, is from 1600–1700 cm-1.Available online http://arthritis-research.com/content/7/5/R927
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Discussion
Human RA and its animal model CIA are complex diseases in
which both the immune response and subsequent inflamma-
tion are important determinants of cartilage destruction. The
effector phase of CIA, evident two to three days after passive
transfer of anti-CII to healthy mice has been studied exten-
sively [3,4,9,10,27,28], and the development of collagen anti-
body-induced arthritis provides an informative in vivo model in
which inflammatory processes can be examined in the
absence of an inductive immune response [4]. Little is known,
however, about any direct effects of antibody on the target car-
tilage tissue and the contribution of this to the ensuing disease
process. Our study has investigated the effects of two such
arthritogenic mAbs to CII, CIIC1 and M2139, on cultured
bovine cartilage explants and compared the results with a non-
arthritogenic mAb to CII, CIIF4, and to an irrelevant mAb,
GAD6, in the absence of inflammatory mediators known to
dominate the effector phase of CIA. Both arthritogenic and
non-arthritogenic mouse mAbs to CII were shown by immun-
ofluorescence to penetrate cartilage and bind strongly to the
matrix, but only the former had adverse effects. Such binding
caused loss and denaturation of collagen. Loss of proteogly-
cans was observed both by light microscopy as loss of toluid-
ine blue staining of the matrix, and changes in the chemical
map by FTIRM. Concomitantly, we observed the appearance
of 'empty' chondrons in the cartilage, and the development of
a superficial cell layer of morphologically non-descript cells
within a matrix that reacted strongly to immunofluorescence at
day 14 of culture. Such effects could explain the observation
that not all antibodies to CII are arthritogenic, and pathogenic-
ity may depend on the particular epitope(s) recognized [8,29].
FTIRM has emerged over the last 10 years as a most effective
means of identifying and quantifying differences between
defined areas or single points of histological specimens, and
the present study illustrates its use for the examination of
Figure 6
Distribution of proteoglycans in the explants cultured with CIIF4 or M2139 Distribution of proteoglycans in the explants cultured with CIIF4 or M2139. Toluidine blue stained sections cultured for 14 days with (a) CIIF4 or (d) 
M2139 are shown alongside (b, e) chemical maps showing proteoglycan distribution and (c, f) FTIRM spectra from the central areas (red line) and 
near the surface of the tissue (blue line). The error bars represent 1 standard deviation at those points in the spectra.Arthritis Research & Therapy    Vol 7 No 5    Crombie et al.
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changes in the collagen content of the cartilage that would
otherwise require complex quantitative biochemical analysis
[12,30] or multiple immunohistochemical studies [31]. The
shift in the amide 1 peak in the areas penetrated by antibody
in explants cultured with both the arthritogenic mAbs (CIIC1
and M2139) and the non-arthritogenic mAb CIIF4 is consist-
ent with changes that occur during denaturation of collagen
[21] or during collagenase treatment [26], and that are taken
to represent an unwinding of the triple helical conformation.
Notably, in the same areas, a reduction in the levels of collagen
was shown by a reduction in the collagen triplet between
1300-1200 cm-1. Finally, as seen by the reduction of peaks in
the range 1175-960 cm-1, FTIRM confirmed the reduction of
proteoglycans shown by toluidine blue staining that occurred
around the surface of the cartilage explants exposed to CIIC1
and M2139, and the complete loss of proteoglycan in explants
exposed to F(ab)2 of CIIC1. The changes seen in vitro are sim-
ilar to changes that occur in cartilage in vivo after passive
transfer of mAbs, although such changes in vivo are assumed
to be due to the effects of degradative enzymes produced by
the accompanying inflammation. It is of interest that loss of
proteoglycan is an early marker of the cartilage disruption that
occurs in both osteoarthritis [32] and RA [33], in which it is
attributed to matrix metalloproteinases and aggrecanases (the
ADAMTS or 'a disintegrin and metalloproteinase with throm-
bospondin motif' family of proteases) [31,32] that are released
following disruption of the molecular interactions between
matrix constituents. This loss of the proteoglycans, which pro-
vide 'cushioning' of the cartilage in the joint, in turn allows a
greater susceptibility to damage from compressive forces and
greater penetration of degradative molecules.
Figure 7
Distribution of proteoglycans in the explants cultured with CII-C1 or F(ab)2 from CII-C1 Distribution of proteoglycans in the explants cultured with CII-C1 or F(ab)2 from CII-C1. Toluidine blue stained sections cultured for 14 days with (a) 
CII-C1 or (d) F(ab)2 are shown alongside (b, e) chemical maps showing proteoglycan distribution and (c, f) FTIRM spectra from the central areas 
(red line) and near the surface of the tissue (blue line). Note that the proteoglycan levels are lower and the amide 1 peak has shifted across the 
whole of the F(ab)2 treated tissue. The error bars represent 1 standard deviation at those points in the spectra.Available online http://arthritis-research.com/content/7/5/R927
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The changes in the matrix at the surface of the cartilage
observed in the explants cultured with the arthritogenic mAbs
CIIC1 and M2139 accompanied appearances of 'empty'
chondrons in the cartilage. Although apoptosis is a common
secondary effect of cartilage disruption, it is difficult to meas-
ure in cartilage. We therefore used loss of chondrocytes from
the matrix as a measure of cell death, as has been done before
[34]. Cultures with CIIC1, and particularly M2139, demon-
strated increasing numbers of empty chondrons over time and,
in many cases, the same sections showed chondrons contain-
ing several cells, which is suggestive of hyperplasia as a com-
pensatory response to mAb-mediated cartilage damage. By
day 14 of culture the surface of explants exposed to CIIC1 or
M2139 had a superficial layer of morphologically non-descript
cells within a scanty matrix. Presumably this cell layer, having
lost the proteoglycans, was composed of collapsed cartilage.
Strong staining by immunofluorescence, which demonstrated
the presence of CII, provided further evidence that this layer
had a cartilaginous origin. Its appearance was suggestive of
the fibrous pannus characteristically described in rheumatoid
arthritis, which has also been shown to contain CII, and is also
possibly derived from chondrocytes [35,36].
The use of F(ab)2 demonstrated that the effects we observed
with cultured explants is not Fc mediated. Evidence that
chondrocytes express Fc receptors is limited, but non-specific
Fc-mediated binding of immune complexes to chondrocytes
has been reported to stimulate matrix metalloproteinase pro-
duction and production of interleukin 1 by chondrocytes [37].
While Fc receptors have been shown to be important in CIA
[38,39], particularly in inflammation induction and in the pas-
sive transfer of antibody-mediated disease [10], successful
treatment of inflammation can still leave an ongoing problem of
continuing joint destruction [40-42]. In the present study, the
effect of the F(ab)2 was much greater than that of a corre-
sponding molar concentration of intact CIIC1. This is because
the smaller size of the F(ab)2 would allow it to penetrate more
deeply into the tissue; indeed, in F(ab)2-treated sections, there
was a correspondingly greater loss of proteoglycans and
decreased collagen content as seen by FTIRM. Alternatively, if
Fc-receptor binding were, in fact, a normal physiological
method of removing immune complexes [43], mAb bound to
collagen in the cultured tissue could persist, and the total
amount of mAb could increase with each change of medium.
If this is the case, then the greater effects caused by the F(ab)2
would truly represent the effect of having higher amounts of
antibody.
We emphasize that all of the changes in this study have been
observed in vitro without the confounding influences of inflam-
mation, complement and other immunological mediators
present in a CIA or RA- affected joint, and that the use of a
F(ab)2 fragment of the arthritogenic mAb excludes the possi-
bility of these effects being due to Fc binding. Presently, the
assessment of cartilage damage in CIA relies on scoring joint
damage, histological abnormalities and measuring release of
cartilage breakdown products such as cartilage oligomeric
matrix protein [44]. This could mask the damaging effect of
antibody binding; denaturation of collagen in the matrix that
leads to disruption in the organization of the matrix. Our results
suggest that the effects of arthritogenic mABs on de novo syn-
thesis of cartilage matrix that we have previously reported from
studies on chondrocyte cultures [12] are paralleled by degra-
dative effects on preexisting cartilage. These include not only
the loss of matrix, but also loss of chondrocytes and denatur-
ation of collagen fibrils and would contribute to direct and on-
Table 1
Absorbance data from FTIRM used to examine levels of proteoglycan and collagen from different cultures
Sample (no. of spectra) Proteoglycan absorbance Amide 1 peakc
1072 cm-1a 1242 cm-1b Absorbance Location (cm-1)
Interior (40)d 1.34 ± 0.26 1.94 ± 0.17 5.01 ± 0.15 1666
GAD 6 edge (10) 1.14 ± 0.21 1.66 ± 0.20 4.76 ± 0.44 1666
CIIF4 edge (10) 0.85 ± 0.14 1.51 ± 0.15 4.46 ± 0.19 1659
M2139 edge (10) 0.55 ± 0.14 1.25 ± 0.23 4.31 ± 0.19 1651
CIIC1 edge (10) 0.49 ± 0.12 1.42 ± 0.17 4.63 ± 0.41 1659
M2139 + CIIC1 edge 0.37 ± 0.11 0.99 ± 0.19 4.44 ± 0.15 1639
M2139 + CIIC1 middle 0.50 ± 0.14 1.05 ± 0.15 4.48 ± 0.10 1643
CIIC1 F(ab)2 edge (10) 0.40 ± 0.07 1.03 ± 0.17 4.22 ± 0.14 1648
CIIC1 F(ab)2 interior (10) 0.43 ± 0.1 1.12 ± 0.12 4.18 ± 0.14 1644
aAbsorbance from the proteoglycan peak at 1072 cm-1 is representative of sugars. bAbsorbance from the proteoglycan peak at 1242 cm-1 is 
representative of sulphated glycosaminoglycans. cThe amide 1 peak provides a measure of total protein, predominantly collagen. Note the change 
in the location of the amide 1 peak in the presence of mAbs to CII, consistent with the change from 1666–1668 cm-1 to 1652–1653 cm-1 
observed after heat denaturation of the collagen helix, or collagenase treatment (see text). Results shown are mean ± SD. dTen spectra from the 
interior of the cartilage treated with the four antibodies were combined.Arthritis Research & Therapy    Vol 7 No 5    Crombie et al.
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going cartilage loss that is independent of any injurious effect
of inflammation. This is in accord with the likelihood that loss
of cartilage in RA, seen radiologically as joint space narrowing,
may be due to a different process than that responsible for
development of erosions [45].
Conclusion
This study has important connotations for our understanding
of the pathogenesis of RA. Autoantibodies to collagen occur
in RA [5-7], bind to cartilage and can be released from immune
complexes within the cartilage by treatment with collagenase
[46], and have specificity for epitopes that are arthritogenic in
mice [8]. Both CIA and RA are complex polygenic diseases in
which the gross pathology results from cell- and antibody-
mediated inflammation. We have also demonstrated that
arthritogenic mAbs to CII can contribute directly to cartilage
destruction, which implies the involvement of non-inflamma-
tory as well as inflammatory components in the disease proc-
ess. It is even possible that injurious effects of antibody on
articular cartilage may precede and even initiate subsequent
inflammatory events that contribute to ultimate joint destruc-
tion, and provides a further rationale for the successful use of
combination therapies [47].
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